Background: Porins provide diffusion channels for salts and small organic molecules in the outer membrane of bacteria. In OmpF from Escherichia coli and related porins, an electrostatic field across the channel and a potential, originating from a surplus of negative charges, create moderate cation selectivity. Here, we investigate the strongly anion-selective porin Omp32 from Comamonas acidovorans, which is closely homologous to the porins of pathogenic Bordetella and Neisseria species.
Introduction
Porins are pore proteins that form outer membrane channels in Gram-negative bacteria, mitochondria and chloroplasts (for reviews see [1] [2] [3] [4] ). They mediate the exchange of small molecules between the outer and inner environment of bacterial cells or the organelles. Bacterial porins usually occur as trimers and have been classified into specific and unspecific pore proteins. Unspecific porins are water-filled channels facilitating the passive diffusion of ions, nutrients and metabolites up to a molecular mass of 600 Da [2] . These porins do not appear to be specific for certain molecules but might effectively select anions or cations. Specific porins contain substrate-binding sites that lead to an efficient uptake of compounds such as sucrose, maltose or cyclodextrins [5] [6] [7] .
As a characteristic for bacterial outer membrane proteins in general [5, 6, [8] [9] [10] [11] [12] , porins are built of amphipathic β strands that form an antiparallel β barrel. Unspecific porins possess a 16-stranded β barrel with eight connecting loops (L1-L8) of variable length and seven (eight in the case of OmpF and PhoE from Escherichia coli) short periplasmic turns. The barrel is usually of concave shape and spans the entire outer membrane. The cross-section of the pore is restricted by one large loop that folds into the channel interior narrowing the pore to about or less 1 nm in diameter. The cross-section of the constriction zone together with the amino acid residues located inside the channel is thought to predominantly determine the physiological and conductivity properties of the pore [13, 14] . The internal electrostatic field provides the ionfilter properties of the channel and might contribute to the phenomenon of voltage-dependent closing [15] [16] [17] , which is not yet understood in detail [18, 19] .
Porins do not only function as pore proteins but in some bacteria might also be involved in linking the outer membrane to the peptidoglycan in the cell wall [20] . Binding of the outer membrane to the rigid cell wall is mediated by lipoproteins in many species [21] and by OmpA and related molecules which possess a peptidoglycan-binding periplasmic domain [22] . Cyanobacterial porins and the porin from Thermus thermophilus contain a particular peptidoglycan-binding motif, the SLH domain (S-layer homology domain [23] ), which is an integral part of the porin polypeptide and is linked via an extended triple coiled-coil structure to the main body of the pore protein [24] . Other Gram-negative bacteria (e.g. Rhodospirillum rubrum) exhibit independent genes that code for porins and proteins with peptidoglycan-binding motifs that appear to interact with each other according to experimental evidence [20] . Up to now it has not been possible to demonstrate such interactions structurally.
Porin Omp32 from Comamonas acidovorans is strongly anion-selective and shows further unusual functional properties particularly at low ionic strength [25] . We crystallized Omp32 [26] in order to gain further understanding of the structural basis for the particular functions and to investigate the principle structural architecture, which might also be of relevance to studies on related porins. C. acidovorans, recently reclassified to Delftia acidovorans [27] , is a member of the β subdivision of proteobacteria. Related microorganisms of this group (e.g. the Bordetellaceae and Neisseriaceae) are of particular interest because of their role in various infectious diseases and programmed cell death. The role of porin PorB from Neisseria gonorrhoeae as an inducer of apoptosis was recently described [28] . In the absence of structural information on these proteins the prediction of folding and models of surface topology must mainly rely on biochemical data. In the light of the significant sequence similarities between porins of these organisms and Omp32, however, a more detailed model can be established on the basis of the atomic structure of the C. acidovorans porin.
In this paper we present the 2.1 Å X-ray crystal structure of Omp32 solved by the method of single isomorphous replacement (SIR) and by molecular replacement (MR) of another crystal form. Substantial differences from the structure and electrostatic potential of structurally known porins contribute to and explain the particularly strong anion selectivity of this porin. In addition, we show that Omp32 associates with a peptide to form a stoichiometric complex in the crystallographic asymmetric unit.
Results and discussion
Crystal packing of the porin-peptide complex Omp32 from C. acidovorans crystallized in two crystal forms (CF1 and CF2) both of which are rhombohedric (R3) but showed different unit-cell sizes [26] . CF1 crystals exhibit unit-cell constants a = b = 107.25 Å and c = 140.59 Å, whereas CF2 crystals have smaller cell constants of a = b = 87.1 Å and c = 135.28 Å (Tables 1 and 2 ). The structure of Omp32 was solved by SIR using one K 2 PtCl 4 derivative. Two heavy-atom positions were identified and refined using automated difference Patterson analysis procedures. A third atom-binding site was found via difference Fourier methods. Following solvent-flattening, this procedure produced an experimental map of sufficient quality to fit the model of OmpF (Protein Data Bank [PDB] accession code 2OMF) and to trace the missing protein portions. The arrangement of protein trimers in both crystal forms is shown in Figure 1a .
CF1 crystals correspond to the type II membrane protein crystals as defined by Michel [29] with large lateral spacings and contacts only between proteins of neighboring crystal layers. The closest lateral distance between two porin trimers is ~23 Å, leaving sufficient space for the formation of toroidal detergent girdles around the nonpolar exterior of the protein. The packing in CF1 closely resembles that of the porins from Rhodobacter capsulatus and Rhodopseudomonas blastica which both crystallize in the same space group and show similar but small contact areas between neighboring trimers [8, 30] . Crystal contacts in the CF1 case are created by weak, hydrophobic monomermonomer (layer A-layer B) interactions (Figure 1a Table 2 Structural data after refinement.
CF1 CF2
Resolution range (Å) mediated by the residues of turn T4 (layer A) and loop L6 (B), and by turn T5 (A) and loop L5 (B).
CF2 crystals correspond to crystals of type I [29] as they contain lateral contacts between adjacent proteins of the same layer. The lateral arrangement reflects the structure of two-dimensional crystals of several membrane proteins including Omp32 [31, 32] . The smallest lateral protein-toprotein distance in CF2 crystals is 4.5 Å and may be limited by the repelling forces of several charged lysine residues in the surface loops (see below). In the CF2 crystals many interlayer crystal contacts exist as each monomer projects deeper into the interior of its closest neighbor and also interacts with a second monomer. Corresponding to the larger cell constants, the water content is 73% for CF1 type crystals and only 55% for CF2 type crystals (Tables 1  and 2 ). Ordered detergent molecules could not be identified, indicating that Omp32 does not bind β-octylglucoside in a specific manner. Interestingly, other porins showed serendipitous binding sites for detergent molecules [30] .
Porin Omp32 usually co-purified with a peptide, forming a porin-peptide complex that was stable during preparation and crystallization. This peptide consists of 54 amino acid residues including an N-terminal pyroglutamate, yielding a mass of 5.8 kDa. The peptide was identified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of purified Omp32 preparations used for the crystallization (KZ, et al., and HE, unpublished results). Porin (α) plus peptide (β) form an (αβ) 3 homotrimer with an internal C3 symmetry axis, which is identical to the crystallographic axis in both crystal forms (Figure 1b) . The asymmetric unit thus contains one (αβ) complex. Location of the peptide close to the trimer axis [50] .
at the periplasmic face of the porin did not disturb crystallization as there is sufficient free space.
Identification of the peptide-protein complex
Eight ordered amino acids could be identified in the F o -F c -map of CF1. The peptide sequence Asp-Asn-TrpGln-Asn-Gly-Thr-Ser, corresponding to amino acid residues number 11-18 of the peptide, was modeled into the interpretable electron-density map. This extended peptide segment is closely attached to the C-terminal end of the porin molecule being only 3.5 Å away from the terminal oxygen atom (Figure 2 
Figure 2
Overall fold of the monomeric Omp32 together with part of the bound peptide.
(a) The complex is viewed perpendicular to the trimeric symmetry axis of the porin and illustrates the course of the polypeptide chain and protein-peptide interactions. The colour ramp starts at the N terminus (blue) and ends at the C terminus (red). Strands are labeled with β1-β16 and loops with L1-L8. Note that 'loops' L5-L7 are actually β turns. The bound Ca 2+ is marked in black. Eight amino acids (DNWQNGTS; in single-letter amino acid code) of the attached peptide are shown in ball-and-stick representation. The position of the bound SO 4 2-within the channel is shown in CPK representation. P1 is a protrusion of six amino acid residues in the middle of β-strand 2 (β2) that points towards the channel interior. P2 is a protrusion of L3 towards the external face of the molecule. The model was drawn with MOLSCRIPT [50] and RASTER3D [51] . from Omp32 (Figure 2b ). Moreover, there are interactions between the tryptophan sidechain of the peptide and the hydrophobic cave formed by several porin sidechains close to the porin trimer axis. The tryptophan residue is embedded between the sidechains of Val4, Leu41 and Phe55 of one monomer, and the sidechain of Leu6 of the neighboring monomer. In addition, each peptide molecule forms two hydrogen bonds with each of its crystallographic neighbors in the trimeric complex. The hydrogen-bonding network leads to the formation of a triangular array and contributes to the remarkable stability of the peptide-protein complex.
In Omp32 the N-terminal amino acids are apparently exposed to the periplasm ( Figure 2 ) and not folded back towards the C-terminal phenylalanine as found with OmpF and PhoE from E. coli [9] . This free space is occupied by the bound peptide in Omp32, indicating that corresponding porin-peptide interactions cannot be expected for porins of the OmpF type.
Further electron density for the peptide was observed up to 15 Å from the termini of the porin trimer, but this density was not interpretable (Figures 1c,2c ). The density apparently does not account for the entire volume of the remaining peptide mass. The complete peptide is homologous to proteobacterial proteins that are involved in linking the outer membrane with the cell wall peptidoglycan but is not related to SLH-domaincontaining proteins in particular (KZ, et al., and HE, unpublished results).
Porin structure description
The final model of Omp32 consists of 332 amino acids including the cyclic pyroglutamate as a nonstandard amino acid at the N terminus [33] . All amino acids of CF1 have mainchain and sidechain density and could be modeled by means of difference and 3F o -2F c maps. CF2 crystals showed no density in one loop region nor for many sidechains, and these were not used for the final modeling. The sequence and principle topology of the chain fold is given in Figure 3 . The porin monomer is formed by a 16-stranded antiparallel β barrel composed of β strands of between seven (β strand 4; β4) and 16 (β2, β10) residues in length and a tilt of strands between 35° and 52° relative to the trimer axis. Seven short periplasmic turns and eight external loop structures connect the β strands. The shear number of the β barrel is 20 in correspondence to other 16-stranded porins [30] .
There are a number of features that are peculiar to this porin. A small protrusion (P1) of six residues in length (32-37) in β2 is located approximately midway of the barrel height. It protrudes 11 Å from the barrel wall into the pore interior and folds back to continue the β strand (Figures 2,3) . The longest loop, L3, contains 44 residues and comprises two structural domains. The first domain folds into the center of the channel along the inner channel wall roughly parallel to the membrane surface, and the second, forming protrusion P2 (residues 118-130), folds towards the rim of the β barrel (Figures 2,3 ). L3 contains two short, antiparallel β strands at the very beginning and the end of the loop, and a right-handed α helix
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Figure 3
Folding model of the β-barrel structure of Omp32. View from the membrane-exposed side of the 16-stranded β barrel, which is unrolled (β strands β1-β16). The C-terminal β strand is repeated to indicate the cyclic structure of the barrel. Amino acids located in β strands are boxed, other structural features are highlighted. L1-L8, external loops; P1 and P2, protrusions; NT, N-terminal amino acid; CT, C-terminal amino acid. Numbers indicate amino acid positions in the sequence. β   β1  β2  β3  β4  β5  β6  β7  β8  β9  β10  β11  β12  β13  β14  β15  β16   α   β16 Structure (residues 96-101) followed by a short 3 10 helix (residues 102-104). There are several interactions between this portion of L3 and the barrel wall, including three short hydrogen bonds to β9 and L5 and a salt bridge between Asp128 and Arg92 of β5. The loops L4 and L6, which fold towards the pore in OmpF, do not do so in Omp32; the corresponding space is occupied by protrusion P2. Loop L3 together with the small protrusion P1 determine the dimensions of the constriction site of the channel. The cross-section of the channel is 5 × 7 Å and, thus, is unusually small compared to values of 7 × 11 Å for OmpF and 10 × 11 Å for the porin of R. capsulatus (Figure 4 ). In fact, no constriction zone of structurally known porins, neither 16-stranded nor 18-stranded ones, is narrower. Loops L5, L6 and L7 are unusually short and essentially consist of β turns with only two or three connecting amino acid residues (Figures 2,3) . L8, which is the second longest loop in Omp32 (residues 301-319), folds into the barrel
Figure 4
Porin pore sizes illustrated by central sections. (a) OmpF from E. coli (PDB code 2OMF), (b) Omp32 from C. acidovorans and (c) the porin from R. capsulatus (PDB code 2POR) were superimposed and corresponding sections calculated. Horizontal sections (left panels) through the narrowest site and vertical sections (right panels), showing the progression of the channels, illustrate the channel size inside the molecules and in the constriction zone in particular. Omp32 possesses the narrowest pore cross-section. The structures were superimposed using TOP and the figures were generated using the program DINO (http://www.bioz.unibas.ch/~xray/dino).
interior and contributes to the formation of the particularly narrow channel opening at the external side. A hydrogen bond between Lys308 CO and Thr31 NH stabilizes the loop conformation. Moreover, Gly309 CO is one of the five coordinating residues, binding one Ca 2+ at the monomer-monomer interface. Leu29 CO, the sidechain of Asp64, and the sidechains of Asn136 and Glu158 from the adjacent monomer contribute to the remaining bounds. The position of the Ca 2+ site corresponds to that found in the R. capsulatus porin (PDB code 2POR [8] ). The fact that Ca 2+ is indeed involved in stabilizing the trimeric structure is supported by the observation that EDTA weakens the heat stability of the oligomeric complex [34] .
A total of 202 residues (61%) are involved in β-strand formation. The previously assessed amount of 70 ± 8% using Fourier transform infrared spectroscopy [34] is thus in reasonable agreement with the structural data. Nine residues form two and a half helical turns, and 22 amino acids are located in β turns connecting β strands at the periplasmic side. Omp32 contains 59 charged amino acids (14 arginines, 17 lysines, 20 aspartates and 8 glutamates) plus three histidine residues with an overall positive charge of 4 (including the bound Ca 2+ and taking into account the missing charge of the N-terminal pyroglutamate). This is a clear difference to the other structurally known porins, which exhibit a surplus of negative charges throughout.
The membrane-exposed surface: aromatic amino acid and lysine girdles A prominent feature of Omp32, and bacterial outer membrane proteins in general, is the ~25 Å high nonpolar belt formed by hydrophobic amino acids, which represents the membrane-exposed part of the barrel. Two girdles of aromatic residues, being less distinct in Omp32, border the belt. The inner or periplasmic ring of aromatic residues consists of three phenylalanine and three tyrosine residues, whereas two phenylalanine and five tyrosine residues define the outer girdle. A characteristic feature of this belt, which is also seen in Omp32, is that phenylalanine residues show a preferential orientation towards the hydrophobic membrane matrix whereas tyrosine residues point towards the polar lipid head group regions. The belt does not surround the entire barrel. Polar as well as apolar residues form the surface that is buried upon trimer formation.
In addition to the nonpolar girdles, we identified a positively charged ring consisting of ten lysine residues (K19, K159, K193, K227, K229, K237, K265, K270, K296 and K298) and one arginine (R170), running 5-8 Å above the outer girdle of aromatic residues ( Figure 5 ). The accumulation of positive charges is at least partly compensated for locally by ten aspartic acid residues (D24, D157, D166, D202, D204, D231, D235, D263, D268 and D299) and one glutamate (E319) that encircle the girdle. In vivo, the lysine sidechains and part of the aspartate sidechains point towards the hydrophilic and preferably negatively charged lipopolysaccharide (LPS) head groups. The charge ring in conjunction with the aromatic acid residues might serve to impart an increased stability in the vertical positioning of the protein in the outer membrane. The assumption of strong polar porin-LPS interactions is supported by the fact that solubilization of Omp32 by detergents usually failed to remove LPS completely (KZ and HE, unpublished results). In accordance with our observations, the X-ray structure of FhuA in complex with LPS revealed several lysine and arginine residues in proximity of the negatively charged LPS head group [35] .
Electrostatic properties of the pore
A GRASP representation of the surface potential originating from all charged amino acid residues is shown in Figure 6 . At the external side, a number of arginines (R75, R92, R119, R133 and R230) line the pore with their sidechains oriented towards the pore interior. Viewed from the periplasmic side even more amino acid residues contribute to a strong surface potential. Twelve amino acids (R38, R42, K52, R75, R76, R89, K100, R133, K218, K256, K284 and R329) create a positively charged surface with little compensatory effect provided by a few negative countercharges. A ladder of five positively charged residues (K74, R92, R133, R75 and R38) extends from the external to the periplasmic side of the channel, passing through the Research Article Porin Omp32 from Comamonas acidovorans Zeth et al. 987
Figure 5
The surface of Omp32 oriented towards the outer membrane. A girdle of ten lysine residues and one arginine is enveloped by eight visible, oppositely charged aspartate residues and one glutamate residue. The β strands are indicated in yellow. The surface was calculated using the program MSMS [51] , and the representation was produced using the program DINO (http://www.bioz.unibas.ch/~xray/dino).
constriction zone and creating a strong positive potential inside the narrow channel ( Figure 6 ). Because of the lack of acidic residues within the constriction zone there cannot be a strong transverse electric field in the channel ( Figure 6b) ; the existence of such a field was first predicted in the R. capsulatus porin on the basis of electrostatic calculations [9] . As a consequence, the positive potential is not attenuated in Omp32 and therefore represents a strong attractor for anions and repels cations, whereas the electrostatic field in the R. capsulatus porin apparently facilitates the diffusion of molecules possessing a dipole moment [30] . Difference maps showed a significant spherical electron density located in the constriction zone, which could be modeled as sulfate ion (Figure 7) . Sulfate salts were highly concentrated constituents of the crystallization buffer. The anion is apparently bound via two hydrogen bonds to Arg38 Nε with S-O distances of 2.95 Å; Arg38 (next to Arg75) is located at the narrowest part of the constriction zone. It is conceivable that organic anions of greater physiological significance are bound here in vivo.
Arginine residues in the vicinity of the pore constriction zone are conserved in bacterial porins in general, and within the β-subdivision in particular (see below). Comparing all structurally known porins, however, only Omp32 possesses a clear majority of positive charges inside the channel, at the external and the periplasmic pore entrance. As shown in Figure 6a , other porins exhibit a negative surface potential in accordance with a surplus of negatively charged amino acids and a functional cation selectivity [2] . This illustrates that the property of ion-selectivity among porins is not primarily determined by the presence or absence of positive charges, but rather by the variable content of aspartate . Note the particularly strong positive potential in the constriction site, representing the charge filter created by residues Arg133, Arg75 and Arg38. The figures were generated using the program GRASP [52] .
and glutamate residues that either compensate or overcompensate the conserved arginines.
Structure-function relationships
The accumulation of positive charges inside the channel is consistent with the strong anion selectivity of Omp32 observed in conductance measurements with the porin reconstituted into planar lipid membranes [25] . The apparent ratio of permeability coefficients for anions to cations P Cl -/P K + is about 17, as determined when a gradient of 9-3 mM KCl was applied to a membrane containing Omp32. Approximately 94% of the diffusing ions are Clunder these conditions. Chemical modification of arginine residues and the studies of the pH-dependent selectivity of the closely related porin Omp34 from Acidovorax delafieldii suggested that the positive charges of arginines represent the major selectivity filter inside the channel, whereas lysines contributed only marginally [16] . The situation with Omp32 and Omp34 is in contrast to the moderately anion-selective porin PhoE from E. coli, where a number of arginine residues are inside the channel but a single lysine contributes most to the selectivity [9, 36] . Although the charges of Arg38, Arg75 and Arg133 make up the core of the anion filter within the constriction zone of Omp32, the particularly small cross-section of the channel enhances the selectivity further. In addition, Leu94 and Ile132 are situated opposite to the hydrophilic region in the constriction zone and force ions to pass the charge filter even more closely; this arrangement might facilitate the diffusion of organic anions with moderately amphiphilic character.
The accumulation of protein charges inside the channel and the resulting electrostatic field have consequences for the penetration of ions, particularly at low salt concentrations when ions do not shield protein charges effectively. This was shown for KCl concentrations below 100 mM with increasing effects down to 3 mM [25] . Voltage-current curves are nonlinear in low salt (independent of and different to the phenomenon of voltage-dependent channel closing) resulting in variable voltage-dependent conductance characteristics. This behavior, also being valid for porin Omp34 from A. delafieldii [37] , can be attributed to effects of the electrostatic potential. Salt concentration dependent effects were also recently reported for OmpK36, the cation selective porin from Klebsiella pneumoniae, where shielding of protein charges in high salt concentrations affects the strength of ion selectivity [12, 38] .
Porin Omp32, as well as Omp34, excludes larger organic molecules like oligosaccharides [39] but appears large enough to accommodate organic acids, as judged from their molecular dimensions. Similar to the situation with sugar-specific porins, which exhibit smaller cross-sections than OmpF [6] , elongated molecules (e.g., oligosaccharides in the case of maltoporin) may pass the constriction zone if they are aligned with the longitudinal pore axis [5, 6] . It is thus tempting to speculate that the apparent longitudinal electrostatic field in the pore of Omp32, which is created by the gradient of positive charges from the exoplasmic to the periplasmic face, and the ladder of arginines along the pore constriction contribute to a favorable orientation of organic anions inside the channel.
Homologous porins
Omp32 shows sequence identity and similarity to several bacterial porins, as illustrated in Figure 8 , and even to the eukaryotic voltage-dependent anion channels (~60% similarity; results not shown). Particularly high sequence similarity is seen with porins of pathogenic species from Bordetella and Neisseria, which are also members of the β-subdivision of proteobacteria. The greatest similarity is to the porin from B. pertussis which shares 38% identity and 70% similarity. Homology appears more distant to the porins of N. meningitidis (24% identity; 64% similarity) and N. gonorrhoeae (25%; 60%).
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Figure 7
Sulfate-binding site inside the channel of Omp32. Stereo plot of the final electron density of sulfate, water molecules and the surrounding protein. The 2F o -F c map is contoured at 1.0σ and calculated at 2.1 Å. The channel section is shown from the periplasmic side of the constriction zone. Protein and sulfate are displayed in ball-andstick representation (color-coded by atom type). Three conserved arginine residues (Arg38, Arg75 and Arg133) are indicated. The sulfate ion is bound to Arg38. Thr36 located in the small protrusion P1 is marked to illustrate its contribution to channel constriction.
Large variations in sequence are detected in the external loops but only small variations are seen in turn regions, an observation already made for other porins and the eightstranded β-barrel proteins that form the β8 family of outer membrane proteins [40] . Turn 1 and turn 7 (T1 and T7) situated in the trimer contact region are more conserved than the others. Interestingly, residues 45-53 and 283-286 of Omp32 (which contain T1 and T7) contribute to a network of polar and nonpolar interactions between the interfaces of adjacent monomers. These clusters of amino acids are almost invariable ( Figure 8 ) and might therefore have an essential role in monomer-monomer contact formation in porins of β-proteobacteria. Regarding the fully conserved residues, we find aromatic residues in the girdles (Figure 8 ), a number of glycines preferentially in turns, and two conserved proline residues in β strands. Most of the arginine residues located in the pore interior, and in particular those forming the arginine ladder in Omp32 (Arg38, Arg75 and Arg133), are strictly conserved. These residues were observed in many other porins including the cation selective OmpF from E. coli and OmpK36 from K. pneumoniae, with a few Arg→Lys exchanges. Arg133 and Arg38 of Omp32 could be aligned Arg132 and Arg42 of OmpF by sequence and structure comparisons. Arg75 of Omp32 shows positional and structural homology to Arg82 in OmpF but was less reliably aligned by sequence alignments. Arg92 marks the position where L3 folds into the β barrel and forms a structurally conserved salt bridge to Asp128; in OmpF the corresponding residues are Arg100 and Asp126. It is an interesting observation that the structures and sequences of Omp32 and OmpF do not align very well (data not shown). For example, Trp56 of Omp32 is exposed to the channel lumen, but aligns with Trp61 of OmpF which faces the trimer contact region.
The amino acids Val4 and Leu6 of β-strand 1, which closely interact with the tryptophan residues of the bound peptides, are invariable in porins of β-proteobacteria but not in the porins of organisms from other subdivisions. In turn, the tryptophan residue of the peptide is conserved in homologous proteins (KZ, et al., and HE, unpublished results).
The structural similarity of Omp32 is greatest to OmpF (PDB code 2OMF) as judged by the superimposition of Cα atoms. A total of 214 Cα positions, which contain almost all of the 207 β-strand amino acids, were structurally aligned in the fit and gave an average root mean square (rms) deviation of 1.35 Å. Using the coordinates of the R. capsulatus porin (PDB code 2POR) 189 Cα positions could be aligned with an rms value of 1.72 Å, reflecting a stronger structural deviation. In retrospect, the failure of MR calculations, using the coordinates of OmpF as a model, must be attributed to the fairly high rms deviation of even those parts in best agreement in the β-barrel region.
Biological implications
Bacterial porins provide pores in the outer membrane of Gram-negative bacteria and in some cases exhibit strong selectivity or even specificity for molecules. In porin Omp32 from Comamonas (Delftia) acidovorans the combination of a particularly narrow constriction zone, Amino acid sequence alignment of homologous porins selected from the β-subdivision of proteobacteria. Omp32 from C. acidovorans (GenBank accession code P24305), the outer membrane protein of B. pertussis (Q04064), the major outer membrane protein PI.A from N. gonorrhoeae (P05430) and major outer membrane protein P.IB from N. meningitidis (P30690) are compared. The numbers refer to the sequence of Omp32. Highly conserved residues are highlighted in red type. Secondary structure elements are indicated: β strands are indicated by yellow bars, β bulges B1 and B2 are marked with green bars and the protrusions P1 and P2 are marked in red. Amino acids that contribute to the positive surface potential within the pore and the two girdles of aromatic amino acids are marked as described in the figure. Pairwise sequence alignments were generated using ToPLign (http://cartan.gmd.de/ToPLign.html). 
QSSVTLFGIVDTNVAYVNKD-------------AAGDSRYGLGTSGAS-TSRLGLRGTEDLGGGLKAGFWLEGEIFGDDGNAS--GFNFKRRSTVSL-SG Q04064: ETSVTLYGIIDTGIGYNDVDFKVKGANADDSDFKYNHSRFGMINGVQN-GSRWGLRGTEDLGDGLQAVFQLESGFNSGNGNSAQDGRLFGRQATIGLQSE P05430: MADVTLYGTIKAGVETSRSV----------AHHGAQADRVKTATEIADLGSKIGFKGQEDLGNGLKAIWQLEQKAYVSGTDTG----WGNRQSFIGL-KG P30690: MADVTLYGTIKAGVETSRSV----------FHQNGQVTEVTTATGIVDLGSKIGFKGQEDLGNGLKAIWQVEQKASIAGTDSG----WGNRQSFIGL-KG
*************** **********-************ ********** *******-** β1 β2 : NFGEVRLGRDLVPTSQKLTSYDLFSATGIGPFMGFRNWAAGQGADD-NGIRANNLISYYTPNFGGFNAGFGYAF-------DEKQTIG--TADSVGRYIG Q04064: SWGRLDFGRQTNIASKYFGSIDPFGA-------GFGQANIGMGMSAMNTVRYDNMVMYQTPSYSGFQFGIGYSFSANDKDADAVNRVGFATADNV-RAIT P05430: GFGKVRVGR-LNSVLKDTGGFNPWEG--KSYYLGLSNIAQPEERHV--SVR---SVRYDSPEFAGFR-AVQYVP---------NDNSGKNHSESY----H P30690: GFGKLRVGR-LNSVLKDTGDINPWDS--KSDYLGVNKIAEPEARLI--SVR---SVRYDSPEFAGLSGSVQYAL---------NDNAGRHNSESY----H ********** ************-* ************ ********* **** β5 P2 β6 B2 β7 β8 
******* ****************** ***************** **********-------------------**----*** ********** β8 β9 β10 β11 β12 
***** ************* ************** ************----*** ************* β12 β13 β14 β15 β16
**** strand; ** beta bulge; **** protrusion; K/R lysine girdle F/Y exoplasmic and periplasmic girdle of aromatic amino acids R/K together with the placement of several arginine residues inside the pore, creates a strong positive potential and provides an effective charge filter that appears even to have the capability to bind divalent anions. Porins like Omp32 would facilitate the selective influx of anions into the periplasm, if equally sized ions of opposite charges were present in the surrounding medium and the translocated ions were continuously removed from the periplasm (e.g. by specific transport into the cell). The accumulation of inorganic anions such as Cl -, however, is not a physiological requirement for C. acidovorans.
The strong anion selectivity of Omp32, which can be deduced from the structure and which is found in conductivity measurements, rather suggests the functional selection of slowly diffusing (i.e. larger anions), which are taken up together with smaller cations at similar rates for reasons of electroneutrality. Omp32, the major and constitutively expressed porin of C. acidovorans, shows structural features that illustrate the adaptation to negatively charged ions such as organic acids -the preferred carbon source of this acid-consuming organism and related species [27] .
Omp32 specifically binds a peptide at its periplasmic face close to the symmetry axis of the homotrimer. This is the first direct proof that porins bind periplasmic proteins, presumably being involved in coupling the outer membrane to the peptidoglycan of the cell wall. In this respect Omp32 represents a link between porins such as OmpF from E. coli that do not bind periplasmic peptides and those possessing a periplasmic domain with peptidoglycan-binding activity, such as cyanoporins and the Thermus thermophilus porin. The trimeric structure of porins is clearly of advantage in stabilizing porin-peptide interactions.
Materials and methods
Purification and crystallization of porin Omp32
Porin Omp32 was solubilized using isolated outer membranes from the bacterium C. acidovorans (Deutsche Sammlung von Mikroorganismen und Zellen, DSMZ, No. 39). Omp32 was solubilized with octyl-polyoxyethylene (OPOE) and purified by gel-filtration and anion-exchange chromatography as described previously [26] . The porin was dialyzed against crystallization buffer, containing 2% β-D-octylglucoside to exchange the detergent, and crystallized as described in detail by Zeth et al. [26] .
X-ray analysis, structure determination and refinement
Crystallization yielded two crystal forms CF1 and CF2 that were used for structure analysis [26] . All X-ray data presented were collected at room temperature. Native data sets of both crystal forms were collected at DESY (Deutsches Elektronen-Synchrotron) beamlines BW6 and X31 using a MAR345 image-plate detector system (MAR research system). X-ray data of the derivative using type CF1 crystals were collected on an area detector (STOE, Darmstadt) at a rotating anode (Schneider, Offenburg) with CuK α radiation. Diffraction data were processed using the programs XDS [41] and DENZO [42] . Collection of phasing information via the MR method using the rotation function of the program package X-PLOR [43] and the porin models available at that time (PDB entries 2OMF, 2POR and 1PRN) failed. In order to obtain initial phasing information, protein crystals of form CF1 were soaked with 5 mM K 2 PtCl 4 for 24 h. One major and two minor heavy-atom binding sites were identified via difference Patterson techniques and refined using the programs Darefi [44] and SOLVE [45] . The best phase determination and heavyatom refinement was obtained by SHARP [46] followed by solvent-flattening using the package SOLOMON from the CCP4 package [47] . The overall figure of merit (FOM) was 0.51-3 Å.
An amino acid sequence alignment of Omp32 and OmpF predicted 20% sequence identity and 65% similarity. The OmpF model was therefore placed into the initial solvent-flattened electron density. Being aware of building a model with a strong model bias, experimental phases were used for initial cycles of model rebuilding and refinement. As soon as the R f dropped to below 30% 2 F o -F c and F o -F c maps were further used for improvement of the model.
Model rebuilding and refinement using X-PLOR and CNS [48] was performed over several cycles. Electron density of type CF1 crystals showed the backbone and all of the sidechain signals. In contrast, the type CF2 structure lacked clear mainchain and sidechain density in several places.
An initially unexplained electron density observed in 3F o -2F c and F o -F c maps was carefully analyzed and a small peptide of eight amino acids was identified and inserted into the structure. The peptide was isolated and sequenced as described elsewhere (KZ, et al., and HE, unpublished results), and its size was confirmed by electron-spray ionization (ESI) mass spectroscopy.
Finally, water molecules were identified in the refined structure and inserted into peak densities of 3.5σ located in F o -F c maps, using an automatic CNS procedure. The structure of type CF2 crystals was solved by MR using the cross-rotation function of the structure of type CF1 crystals refined by application of the CNS package. The final R factor for the model from CF1-type crystals was 20.0% (R free 23.2%) and from CF2-type crystals was 24.0% (R free 28%).
Sequence alignment
Sequence alignments of Omp32 with other porin sequences were performed using FASTA3 and ToPLign (http://cartan.gmd.de/ToPLign. html) for pairwise alignments of selected porin sequences from Neisseria and Bordetella species.
Accession numbers
The coordinates and structure factors for Omp32 have been deposited with the Protein Data Bank (accession code IE54).
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